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We report on the first observation of a pronounced re-entrant superconductivity phe-
nomenon in superconductor/ferromagnetic layered systems. The results were obtained using a
superconductor/ferromagnetic-alloy bilayer of Nb/Cu1−xNix. The superconducting transition tem-
perature Tc drops sharply with increasing thickness dCuNi of the ferromagnetic layer, until complete
suppression of superconductivity is observed at dCuNi ≈4 nm. Increasing the Cu1−xNix layer thick-
ness further, superconductivity reappears at dCuNi≈13 nm. Our experiments give evidence for the
pairing function oscillations associated with a realization of the quasi-one dimensional Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) like state in the ferromagnetic layer.
The coexistence of superconductivity (S) and ferro-
magnetism (F) in a homogeneous material, described by
Fulde-Ferrell and Larkin-Ovchinnikov (FFLO) [1, 2], is
restricted to an extremely narrow range of parameters
[3]. So far no indisputable experimental evidence for the
FFLO state exists.
In general, superconductivity and ferromagnetism do
not coexist, since superconductivity requires the con-
duction electrons to form Cooper pairs with antiparal-
lel spins, whereas ferromagnetism forces the electrons to
align their spins parallel. This antagonism can be over-
come if superconducting and ferromagnetic regions are
spatially separated, as for example, in artificially lay-
ered superconductor/ferromagnet (S/F) nanostructures
(see, e.g. [4], for an early review). The two long-range
ordered states influence each other via the penetration
of electrons through their common interface. Supercon-
ductivity in such a proximity system can survive, even
if the exchange splitting energy Eex ∼ kBθCurie in the
ferromagnetic layer is orders of magnitude larger than
the superconducting order parameter ∆ ∼ kBTc, with
Tc the superconducting transition temperature. Cooper
pairs entering from the superconducting into the ferro-
magnetic region experience conditions drastically differ-
ent from those in a non-magnetic metal. This is due to
the fact that spin-up and spin-down partners in a Cooper
pair occupy different exchange-split spin-subbands of the
conduction band in the ferromagnet. Thus, the spin-up
and spin-down wave-vectors of electrons in a pair, which
have opposite directions, cannot longer be of equal mag-
nitude and the Cooper pair acquires a finite pairing mo-
mentum [5]. This results in a pairing function that does
not simply decay as in a non-magnetic metal, but in ad-
dition oscillates on a characteristic length scale. This
length scale is the magnetic coherence length ξF , which
will be specified below.
Various unusual phenomena follow from the oscillation
of the pairing wave function in ferromagnets (see, e.g. the
recent reviews [6, 7, 8] and references therein). A promi-
nent example is the oscillatory S/F proximity effect. It
can be qualitatively described using the analogy with the
interference of reflected light in a Fabry-Pe´rot interfer-
ometer at normal incidence. As the conditions change
periodically between constructive and destructive inter-
ference upon changing the thickness of the interferome-
ter, the flux of light through the interface of incidence
is modulated. In a layered S/F system the pairing func-
tion flux is periodically modulated as a function of the
ferromagnetic layer thickness dF due to the interference.
As a result, the coupling between the S and F layers is
modulated, and Tc oscillates as a function of dF .
The most spectacular evidence for the oscillatory prox-
imity effect would be the detection of the re-entrant be-
havior of the superconducting transition temperature as
a function of dF , which has been predicted theoretically
[9, 10, 11]. There is a sole report on the superconductiv-
ity re-entrance as a function of the ferromagnetic layer
thickness in Fe/V/Fe trilayers [12]. Due to the very small
thickness of the iron layers, at which the re-entrance phe-
nomenon is expected (0.7-1.0 nm, i.e. 2-4 monolayers of
iron only), the number of the experimental points Tc(dF )
is very small, with a large scattering of the results.
The oscillation length ξF = ℏvF /Eex in strong ferro-
magnets, like iron, nickel or cobalt, is extremely short,
because the exchange splitting energy Eex of the con-
duction band is in the range 0.1-1.0 eV [4]. Here, vF is
the Fermi velocity in the F material and ℏ Planck’s con-
stant. Ferromagnetic alloys, with Eex an order of magni-
tude smaller, allow the observation of the effect at larger
thicknesses dF of about 5-10 nm. Such layers can be
easier controlled and characterized. Another advantage
using ferromagnetic alloys is that for a long-wavelength
oscillation the atomic-scale interface roughness has no
longer a decisive influence on the extinction of the Tc
oscillations.
The S/F proximity effect has not only been studied us-
ing elemental ferromagnetic materials, but also for var-
ious ferromagnetic alloys [13, 14, 15, 16, 17, 18, 19]. A
non-monotonic dependence of Tc vs. dF has been ob-
served. In the present work, Nb was chosen as a su-
2perconductor and a Cu1−xNix alloy with x ≈ 0.59 for
the ferromagnetic layer. In this alloy the magnetic mo-
mentum and Curie temperature show an almost linear
dependence on the Ni concentration [20]. For x ≈ 0.59
we find θCurie ≈ 170 K.
The samples were prepared by magnetron sputtering
on commercial (111) silicon substrates at 300 K. The
base pressure in the “Leybold Z400” vacuum system
was about 2×10 −6 mbar, pure argon (99.999%, “Messer
Griesheim”) at a pressures of 8 × 10−3 mbar was used
as sputter gas. Three targets, Si, Nb and Cu1−xNix (75
mm in diameter), were pre-sputtered for 10-15 minutes
to remove contaminations from the targets as well as to
reduce the residual gas pressure from the chamber during
the pre-sputtering of Nb, which acts as a getter material.
Then, we first deposited a silicon buffer layer, using a RF
magnetron to generate a clean interface for the subse-
quently deposited niobium layer. To average over spatial
differences of the sputtering characteristics, we moved
the target during the DC sputtering process of the Nb
layer, obtaining a smooth Nb film of constant thickness
dNb. The average growth rate of the Nb film was about
1.3 nm/sec, while the rate of the sputtering process was
adjusted to 4 nm/sec, to reduce the amount of contami-
nations gettered into the Nb film. The Cu1−xNix target
[21] was RF sputtered (rate 3 nm/sec) resulting in the
same composition of the alloy in the film. As in our
previous work [22] we deposited a wedge-shaped ferro-
magnetic layer to obtain a series of samples with varying
ferromagnetic Cu1−xNix layer thickness. To prepare this
wedge, the 80 mm long and 7 mm wide silicon substrate
was mounted at a distance of 4.5 cm from the Cu1−xNix
target symmetry axis to utilize the intrinsic spatial gra-
dient of the deposition rate. To prevent the degradation
of the Nb/Cu1−xNix bilayers at atmospheric conditions,
the bilayers were coated by a silicon layer of about 5 nm
thickness. A sketch of the resulting wedge-like samples is
presented in the inset of Fig. 1. Samples of equal length
and width were cut from the wedge to obtain a set of
2.5 mm wide strips with varying Cu1−xNix layer thick-
ness. Aluminum wires of 50 µm in diameter were then at-
tached to the strips by ultrasonic bonding for four-probe
resistance measurements. Two batches of samples were
prepared, one with dNb ≈ 7.3 nm (S15), the other with
dNb ≈ 8.3 nm (S16).
After characterizing the samples by resistance mea-
surements, Rutherford backscattering spectrometry
(RBS) has been used to evaluate the thickness of the Nb
and Cu1−xNix layers as well as to check the concentra-
tion of Cu and Ni in the deposited alloy layers (Fig. 1).
The applicability of this method for thickness determi-
nation has been demonstrated in our previous work [22].
It allows determining the thickness (via the areal den-
sity) of the layers with an accuracy of ±3% for Cu1−xNi
x on the thick side of the Cu1−xNix wedge, and ±5% for
Nb and Cu1−xNix on the thin side of the wedge. The
measurements were performed with 3.5 MeV He++ ions
delivered by a tandem accelerator. The backscattered
ions were detected under an angle of 170◦ with respect
to the incident beam by a semiconductor detector. In
order to avoid channeling effects in the Si substrate, the
samples were tilted by 7◦ and azimuthally rotated dur-
ing the measurement. The spectra were simulated using
the RUMP computer program [23]. From the deduced
elemental areal densities of Nb and Cu1−xNix alloy the
thickness of the two layers was calculated using the den-
sities of the respective metals. The results for the layer
thickness and Cu1−xNi x alloy composition as a func-
tion of position on the substrate of batch S15 are shown
in Fig. 1. The Ni concentration in the Cu1−xNix layer
is nearly constant showing a slight increase towards the
thick side of the wedge. The thickness of the Nb layer is
nearly constant along the wedge, dNb(S15)≈ 7.3 nm.
The resistance measurements were performed in a 3He
cryostat and a dilution refrigerator. The standard DC
four-probe method was used, applying a sensing current
of 10 µA in the temperature range 0.4 K-10 K and of
2 µA in the range 10 mK-1.0 K, respectively. The po-
larity of the current was alternated during the resistance
measurements to eliminate possible thermoelectric volt-
ages. The superconducting critical temperature Tc was
determined from the midpoints of the R(T ) curves at
the superconducting transition (Fig. 2). The transition
width (defined by the temperature interval in which the
resistance changes from 0.1Rn to 0.9Rn, with Rn the nor-
mal state resistance just above the transition) was below
0.2 K for most of the investigated samples. The shift be-
tween transition measured for increasing and decreasing
temperature was smaller than 15 mK.
Figure 3 demonstrates for two values of the Nb layer
thickness (dNb ≈ 8.3 nm in Fig. 3a and dNb ≈ 7.3 nm in
Fig. 3b) the dependence of the superconducting transi-
tion temperature on the thickness of the Cu1−xNix layer.
For specimens with dNb ≈ 8.3 nm the transition temper-
ature Tc reveals a non-monotonic behavior with a deep
minimum at about dCuNi ≈ 7.0 nm. For dNb ≈ 7.3 the
transition temperature decreases sharply upon increasing
the ferromagnetic Cu1−xNix layer thickness, till dCuNi ≈
3.8 nm. Then, in the range dCuNi ≈ 4.0 − 12.5 nm,
the superconducting transition temperature vanishes (at
least Tc is lower than the lowest temperature measured
in our cryogenic setup, i.e. 40 mK). For dCuNi > 12.5
nm a superconducting transition is observed again with
Tc increasing up to about 2 K. This phenomenon of re-
entrant superconductivity is the most important finding
of the present study.
For the regions of values of dCuNi for which Tc changes
rapidly, the transition width is broader than 0.2 K, and
the R(T ) curve appears slightly asymmetric with respect
to the midpoint of the transition. This is probably due
to the small variation of the thickness of the ferromag-
netic layer within each sample, since they were cut from
3a wedge as described above.
To compare the prediction of the theory for the Tc(dF )
dependence of Tagirov [10] with our experimental results,
we followed closely the fitting procedure described in de-
tail in reference [22]. The calculated curves of Tc(dF )
in Fig. 3 (a) and (b) agree qualitatively well with the
measured values. The electron mean free path lF ≈ 15
nm for the ferromagnetic material used for the calcula-
tions appears surprisingly long for an alloy, in particular,
since a value of lF ≈ 4.4 nm, was inferred from resis-
tivity measurements on a Cu1−xNix alloy with x ≈ 0.51
[17]. The reason could be a more complicated character
of the diffusion of Cooper pairs in the F material and
its temperature dependence in such type of S/F-system
than considered by the present version of the theory. The
small cusp-like structure in the Tc(dCuNi) dependence
at dCuNi ≈ 1 nm cannot be explained by the existing
theoretical approaches, i.e. neither the single-mode nor
the multi-mode approximation [24, 25] can account for
this structure. We presume that the case dCuNi < ξF , lF
needs special consideration in the framework of the “pure
limit” theoretical approach [11].
In conclusion, we present the first conclusive ex-
perimental observation of re-entrant behavior of su-
perconductivity and large-amplitude oscillations of the
superconducting Tc, in two series of superconduc-
tor/ferromagnet bilayers with constant Nb layer thick-
ness (dNb ≈ 7.3 nm and dNb ≈ 8.3 nm) as a function of
the thickness of a Cu1−xNix (x ≈ 0.59) alloy layer.
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Figure captions
Fig. 1. The results of a Rutherford backscattering
spectrometry (RBS) investigation: S15 batch, dNb ≈ 7.3
nm.
Fig. 2. Typical resistive transitions of the investigated
samples. Solid lines are a guide to the eye.
Fig. 3. Nonmonotonous Tc (dF ) dependence for
Nb/CuxNi1−x bilayers: (a) dNb ≈ 8.3 nm; (b) dNb ≈ 7.3
nm. Transition widths are within the point size if error
bars are not visible. Solid lines are theoretical curves (see
text).
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